Abstract -This paper proposes a practical and devised method for designing the wheeling charge based on the embedded cost method. In setting up the wheeling charge, one of the most important items is recovering the invested cost. Because the marginal cost method has the disadvantages regarding the above point, the embedded cost method is focused in this paper. By applying the proposed method, the wheeling charge that reflects the use of transmission systems not only gives an incentive for the efficient operation of power systems but also achieve the recovery of the invested cost by electric utilities. In order to verify the proposed method, several simulations have been conducted on the IEEE 30-bus test system.
Introduction
In this paper, a practical and devised method is proposed for designing the wheeling charge based on the embedded cost method.
The conventional wheeling charge methods are classified roughly into two categories. The first one is the embedded cost method and the other is the marginal cost method.
Belonging to the set of marginal cost methods, the short term marginal cost has been the most popular due to its economic basis, that is, it can provide the economic signals for operation. However, some shortages have been observed in its application to transmission systems, such as no recovery of all invested cost, the charges for the transmission system are based on generation costs rather than its own cost, and so forth [1] .
On the other hand, since the embedded cost method has remarkable feature to allocate the total cost of transmission networks in accordance with the use of networks, the embedded cost method has the advantage regarding recovery of the invested cost. Moreover, the wheeling rate based on the embedded cost method leads to advantages that wheeling users pay the fair and appropriate fare for the transmission service and also transmission holders can not receive any excess profit by manipulating market power. From the above reasons, the embedded cost method is focused in this paper.
Next, the wheeling levying method in the Japanese electricity market is focused. Under the amended Electricity Utility Industry Law of 2003, a wheeling levying method, so called the postage stamp method that is classified into the embedded cost method has been used in the Japanese electricity market. The charge based on this method is fixed, regardless of wheeling distance or connection points. The advantage of this method is simple and efficient in computations and transparent for market constituents. However, a shortcoming for this method is to be hard to reflect the use of systems, that is, the price of wheeling that causes overloads or congestions in the system is the same as the price without congestion. Therefore, it does not lead to the incentive for efficient operation of the power system. Therefore, until now, we have reported the method of setting the wheeling charge by extending the conventional MW-mile method [2] . However, according to the investigation, we have found that more improvement is needed in point of recovering of the invested cost. Consequently, a practical and devised method that improves the above point is proposed in this paper. This paper is organized as follows. In the next section, firstly, the outline of the embedded cost method including the postage stamp method is described. Next, the method we have reported is described and issues are cited. Later, the method which improves the above issue is proposed and the advantage is explained. In section 3, in order to show the validity of the proposed method, the simulation on the IEEE 30 bus test system has been conducted and numerical results are described. Section 4 concludes the paper.
Embedded Cost Methods
First of all, the conventional embedded cost methods, which are the postage stamp method, contract path method, and MW-mile method, are described briefly. Then, the method we have reported is introduced and the controversial point is pointed out. Finally, two methods that resolve the above problem are proposed.
Postage Stamp Method
This method has been used in Japanese electricity market since the Electricity Utility Industry Law was amended in The advantage of this method is efficient computation. However, the charge based on this method is fixed, regardless of distance or connection points. Hence, by this method, it is difficult to reflect the use of the power system and the price of transactions which causes congestions in the system is the same as the price without congestion. The above mentioned items cause cross subsidy among transmission users and it has problems in terms of fairness. In addition, since this method ignores the actual system operation, it is likely to send incorrect economic signals to transmission customers.
Contract Path Method
This method is the one of the methods applied to the US electricity market in the 1990's. In this method, a specific path is selected for a wheeling transaction. This path selection is done by a grid company and customers involved in this path can be identified without performing any power flow calculation. The cost of this method is calculated from the total cost and capacity of selected The advantage of this method is that calculation of the cost is relatively easy and the cost is able to take account of power flow in some measure. However, since this method also ignores the actual system operation, there is the possibility that the actual wheeling paths are different from the selected paths. The flow outside the selected path may cause unpredictable transmission congestion. This is called 'loop flow problem' and becomes a big issue in North America [3] .
MW-mile method
Until 2003, the method classified into this category is applied in the Japanese electricity market. The MW-mile method allocates the charges based on transmission capacity and wheeling distance. There are several MW-mile methods to be implemented.
Some of the conventional MW-mile methods calculate the cost per MW-unit length of the line [$/(kW*km)] firstly, then the total cost is calculated by taking account of the power flow of transactions and transmission length [4] , [5] . The unit cost [$/kW] of these methods are given by ( ) L is the length of transmission i. The cost based on the MW-mile method is better than the other method (postage stamp method, contract method) in point of reflecting the use of power system. However, it has the issues that since this method requires power flow calculation for calculating the transmission charge, management and operation becomes more complex than others. In the conventional MW-mile method, it requires to run a set of power flow analysis associated with each wheeling transaction when multiple wheeling transactions are considered. In other words, the greater the number of transactions the more the number of necessary power flow calculations.
Therefore, in the previous paper [6] , we have reported an efficient method for identifying wheeling paths based on an extended sensitivity analysis to relieve the above problem. Moreover, we have reported the method of setting the wheeling charge reflecting the transmission uses better than (3) by extending the conventional MW-mile method [2] .
76
The unit cost [$/kW] of the proposed method is given by
where 2 MM C is the wheeling charge for transaction based on the extending MW-mile method proposed in the previous paper [2] ; i MW Δ is the power flow on transmission i caused by the transaction; i C is the cost of transmission i.
(4) differs in handling the transmission line individually. When a transaction uses high cost transmission lines, the condition should be reflected to its transaction cost. Also, in case of the same power flow, the cost of transmission line with small capacity is higher than the transmission line with large capacity. However, according to the investigation, we have found that more improvement is needed in point of recovering of the invested cost. In concrete terms, since (4) divides by the transmission capacity, recovery of the cost is equal to the total cost multiplied average utilization rate.
Improvement of MW-mile method
In setting up the wheeling charge, one of the most important items is recovering the invested cost. Consequently, two methods are proposed to reflect the transmission capacity and wheeling distances and also to be able to recover the invested cost.
The first method is that (4) divided by the average utilization rate of each transmission line. The unit cost [$/kW] of this method is given by
where 3 MM C is the wheeling charge for transaction by improving the previous proposed method; i λ is the average utilization rate of transmission i. This method is superior to (4) in point of recovering the invested cost. However, it has issues that the lower the average utilization rate, the higher the wheeling charge in terms of efficient operation of power system.
The second method is that (4) divided by the average utilization rate of the whole system. The unit cost [$/kW] of this method is given by
where 4 
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is the wheeling charge for transaction by modifying (5); i λ is the average utilization rate of the whole system. In (6), wheeling distance and transmission capacity is reflected to its transaction cost. Also, the problem in (5) is resolved. So, we think that the transmission charge setting like (6) is desirable.
Application to a Test System
Configuration and Characteristics of a Test System
In this section, the method of identifying the wheeling paths and setting the wheeling charge is applied to a test system in transmission networks. The structure of the IEEE 30-bus system with 21 loads, 5 generators and 41 transmission lines are shown in Fig. 1 , which is used as a demonstration test system in this paper. In order to create a variety of transaction paths among suppliers and customers, rotary condensers at nodes 5 and 8 in the original test system are replaced by generators. Also, a generator is added at node 14. Four sets of wheeling from node 1 to node 18, node 1 to node 29, node 8 to node 18 and node 14 to node 18 have been assumed.
Wheeling Paths
In this section, we will identify the wheeling paths for the example described in Section 3.1 by using the extended sensitivity method that we have reported [6] . Here, the wheeling between node 14 and node 18 is dealt as an example. Identification of wheeling paths in another wheeling described in Section 3.1 can be carried out easily as this application case.
The results of identifying wheeling paths are illustrated in Fig. 2 . Oriented arrows in Fig. 2 indicate main wheeling paths (More than 10% of power flow for wheeling is passing through these routes).
As we can see the power flows in Fig. 2 , the wheeling between node 14 and node 18 is performed by multiple paths. One of the main streams for this wheeling is a power flow going through nodes 14-12-15 and nodes 14-15, which merge into one at node 15 and finally these pass through node 15-18. However, 70% of poer flow for the wheeling is passing through above routes, the remaining power is passing through other routes.
As we mentioned above, we can find that, in the contract path method, if the pass selection is based on the shortest distance, the actual power flow for the wheeling is different from the selected pass. Also we can find that these pass selections raise the loop flow problem. Hence, it is important that wheeling paths are identified and the wheeling charge is set based on the identified wheeling paths.
Wheeling charge
In this section the wheeling charge is calculated for four wheelings assumed in Section 3.1 by the postage stamp method which is performed in the Japanese electricity market and the proposed methods expressed in (4)- (6) . By the way, parameter like transmission capacity is set based on [7] , [8] . The results of wheeling charges are described in Fig. 3 .
From Fig. 3 , we can see that the wheeling charge by the postage stamp method (PS method) has not reflected the wheeling distance as charges among four wheeling are the same. On the other hand, in MM2, MM3, MM4 which are proposed method, we can observe that the charge of the long distance wheeling like node 1 to node 29 is higher than short distance transaction like node 14 to node 18. Thereby, the charges of these methods reflect the wheeling distance.
Next, MM2 is compared with PS. From Fig. 3 , even in the longest distance wheeling from node 1 to node 29, MM2 is lower than MM2. From the above, we understand that the recovering cost of MM2 is equal to the invested cost multiplied by the average utilization rate and the charge of MM2 can't recover the invested cost.
Also, MM4 is focused. Since MM4 divided by the average utilization rate of system for resolving the problem of recovering the invested cost, we can find that the charge of MM4 is wholly higher than that of MM2. Compared with PS method, the charge by MM4 is lower than that by PS method in the short distance wheeling like node 14 to node 18. Hence, we can say that the charge setting based on MM4 not only recovers the invested cost but also sets up the charge reflecting the wheeling distance.
Finally, we focus the MM3. From Fig. 3 , we can find that MM3 is wholly higher than MM4. Since MM3 is divided by the average utilization rate of each transmission line, the transmission line which utilization rate is extremely low causes the appreciation of wheeling charge. In terms of efficient system operation, it is desirable that the higher the utilization rate the higher the wheeling charge. We can say that since the wheeling charge of MM3 indicates the reverse trend, MM4 is better than MM3.
Conclusion
In this paper, we designate that the wheeling charge setting method by extending the conventional MW-mile method that we have reported needs more improvement in point of recovering the invested cost. Also, two methods are proposed for relieving that problem. In order to verify the proposed method, several simulations have been conducted on the IEEE 30-bus test system. The result of applications have clarified that the proposed method enables us to determine the wheeling charge which not only reflects the transmission use like transmission capacity and wheeling distance but also recover the invested cost by introducing the average utilization rate of transmission system. In the future, the authors intend to develop the wheeling charge which reflects transmission congestion and direction of power flow besides the above nature.
